A simple (5 + 6 + 7)-sp 3 carbon (denoted as F-carbon) with eight atoms per unit cell predicted by a newly developed ab initio particle-swarm optimization methodology on crystal structure prediction is proposed. F-carbon can be seen as the reconstruction of AA-stacked or 3R-graphite, and is energetically more stable than 2H-graphite beyond 13.9 GPa. Band structure and hardness calculations indicate that F-carbon is a transparent superhard carbon with a gap of 4.55 eV at 15 GPa and a hardness of 93.9 GPa at zero pressure. Compared with the previously proposed Bct-, M-and W-carbons, the simulative x-ray diffraction pattern of F-carbon also well matches the superhard intermediate phase of the experimentally cold-compressed graphite. The possible transition route and energy barrier were observed using the variable cell nudged elastic band method. Our simulations show that the cold compression of graphite can produce some reversible metastable carbons (e.g. M-and F-carbons) with energy barriers close to diamond or lonsdaleite.
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Carbon under pressure exhibits multifarious allotropes possessing excellent mechanical and electronic performance. Such allotropes include diamond, lonsdaleite (hexagonal diamond), 3D-fullerene and 3D-nanotube polymers [1] . The pressure-induced sp 2 -sp 3 bond change in graphite has been driven in terms of both thermodynamics and kinetics, causing enduring and intense attention. Although diamond is thermodynamically more stable than lonsdaleite, lonsdaleite can be formed from graphite under high pressure and moderate temperature due to their close transition energy barriers. On the other hand, compressing graphite above 14 GPa at room temperature produces an intermediate phase of transparent superhard carbon [2, 3] . Unlike diamond and lonsdaleite, the intermediate phase is only quenchable at low temperatures (<100 K) when removing pressure [2] . Other evidence has been reported on the electrical resistivity [4, 5] , optical transmittance and reflectivity [6] [7] [8] , Raman modes [9, 10] , hardness [3] , near-k-edge absorption spectra [3] and x-ray diffraction (XRD) patterns [3, 11, 12] of compressed graphite. Several hypothetical carbons or their mixtures have been proposed as the structural solution of this post-graphite phase, such as hybrid sp 2 -sp 3 carbon [13] , M-carbon [14] , Bct-carbon [15, 16] , W-carbon [17] and O-carbon [18] . Furthermore, a novel 3D-(2, 2) carbon nanotube polymer (i.e. Cco-C 8 or Z-carbon) was first proposed to match an unsolved superhard carbon quenched from the coldcompressed carbon nanotube bundles [19] , and then was used to explain the cold-compressed graphite [20] . Recently, the structural transformations of carbon at multiterapascal pressures were also explored [21, 22] . In view of highpressure carbon exhibiting charming polytypes, the search for novel viable carbons is expected and imperative.
In the present paper, a novel low-energy F-carbon with the (5 + 6 + 7)-sp 3 -bonded configuration like M-and W-carbons predicted by a recently developed particleswarm optimization (PSO) algorithm on structural search is reported [23] . F-carbon can be reversibly formed by compressing graphite, and is energetically more favorable than 2H-graphite above 13.9 GPa. F-carbon is a transparent superhard crystal and its simulated XRD pattern can match that of the superhard cold-compressed post-graphite phase [3] .
Our structural searches of carbon allotropes with simulation cell sizes of up to 20 atoms in the pressure range 0-100 GPa were performed with the PSO methodology as implemented in the Crystal Structure Analysis by PSO (CALYPSO) code [23] . The CALYPSO method is designed to predict stable or metastable crystal structures using only the chemical compositions of a given compound at given pressures, unbiased by any known structural information. Using this method, numerous possible low-energy structures were successfully found in the elements Li, Mg and C, the high pressure partially ionic phase of water ice, topological insulator Bi 2 Te 3 , as well as transition metal carbides [19, [24] [25] [26] [27] [28] [29] . Underlying structure relaxations were performed using the density functional theory (DFT) within the local density approximation (LDA), as implemented in the Vienna ab initio simulation package (VASP) code [30] . By analyzing the results of CALYPSO simulations, a number of distinct low-energy structures were selected. The subsequent structural optimizations and property predictions were carried out using the DFT within ultrasoft pseudopotentials, as implemented in the CASTEP code [31] . The cutoff energy of 310 eV was used for the plane wave basis set. The electron-electron exchange interaction was described by the exchange-correlation function of Ceperley and Alder, as parameterized by Perdew and Zunger (CA-PZ) of LDA [32, 33] . A k-point spacing (2π × 0.04Å −1 ) was used to generate the k-point grid, resulting from Monkhorst-Pack grid parameters [34] . The phase transitions were simulated using a variable cell nudged elastic band (VC-NEB) [16] , as implemented in the VASP code. The VC-NEB method, which includes the unit cell deformation, provides a larger configuration space to find the minimum energy path. In this calculation, we set the average displacement for an atom between two near images to be less than 0.15Å, which is about the size of an atom.
Our structural search found various carbon polymorphs such as graphite, diamond, lonsdaleite, fullerenes, nanotubes, 3D-nanotube polymers [25] , M-carbon [14] , Bct-carbon [15, 16] , W-carbon [17] , Z-carbon [19] and chiral carbon [35] . F-carbon was found in the 8 atom/cell search. Fcarbon adopts a P2/m symmetry with atoms occupying the 2n (2.113, 0.5, −0.6), 2n (1.579, 0.5, −0.632), 2m (0.535, 0, −1/6) and 2m (0.118, 0, 0.175) positions. F-carbon has the lattice parameters a = 4.723Å, b = 2.495Å, c = 4.076Å and β = 106.029 • at zero pressure. F-carbon shares the configurations of five-, six-and seven-membered sp 3 -bonded rings similar to M-and W-carbons. However, the pair of conjoint five-membered rings share an edge that was parallel to the xz plane in F-carbon ( figure 1(a) ). F-carbon can also be seen as the reconstruction of AA-stacked graphene layers, between which interlaminar atoms are buckled with one another ( figure 1(b) ). F-carbon is distinct from those of shared bevel edges in M-and W-carbons (figures 1(c) and (d)). F-carbon has a high thermodynamic stability and is energetically more favorable than graphite above 13.9 GPa ( figure 2(a) ). Given their similar bonding modes, F-, M-and W-carbons have close energy levels. F-carbon is 0.004 eV/atom higher in energy than M-carbon, and W-carbon is 0.01 eV/atom lower in energy than M-carbon at 15 GPa. The dynamical stability of F-carbon was further confirmed by calculating its full phonon frequencies. No imaginary frequency was observed throughout the entire Brillouin zone ( figure 2(b) ), indicating its dynamic stability at 15 GPa.
Theoretical models of M-, Bct-, W-, Z-and O-carbons mixed with graphite [14, 15, 17, 18, 20] were respectively proposed to explain the cold-compressed post-graphite phase. In experiments, the diffraction peaks of cold-compressed graphite were recorded using an x-ray wavelength of 0.3329Å at pressures of 3.3, 13.7, 18.4 and 23.9 GPa. At 18.4 and 23.9 GPa, there were two major XRD peaks of new carbon phases at 9.2 • and 16.8 • respectively [3] . M-, W-and F-carbons all have the strongest peaks at 9.2 • and moderate peaks at 16.8 • (figure 3), indicating that they were all possibly existent in the experimental product. Notably, F-carbon very well matches the experimental result for the diffraction peak of 16.8 • . The calculations of band structure ( figure 4(a) ) and hardness (table 1) show that F-carbon is a transparent superhard crystal with a bandgap of 4.55 eV at 15 GPa and hardness of 93.9, 90.1 and 79.8 GPa at zero pressure, respectively, derived from three hardness models [36] [37] [38] [39] [40] . These results can naturally explain the transparency and cracking diamond characteristics of the post-graphite phase [3] .
Usually, the phase transition is dictated by the kinetic energy barrier, rather than by the thermodynamic factors. In principle, a phase transition may occur along the transition path with the minimum energy barrier. The well-established pathways of 2H-graphite → 3R-graphite → diamond and 2H-graphite → orthorhombic graphite → lonsdaleite [17, 41, 42] have been validated by VC-NEB simulations. Therefore, the VC-NEB method was used in the present simulations of phase transition pathways. At 20 GPa, the energy barrier of 2H-graphite → diamond is 0.152 eV/atom ( figure 4(b) ) and the backward value is 0.421 eV/atom, which satisfactorily agrees with previous reports [16] . For lonsdaleite, the forward and backward energy barriers are 0.178 and 0.425 eV/atom ( figure 4(b) ), respectively. The low forward energy barriers can be responsible for the formation of diamond and lonsdaleite under high pressures, and the high backward energy barriers incidentally account for their quenching at ambient pressure. Dynamic transition progressions from graphite to other carbon allotropes were also studied. For example, for the path along 2H-graphite → AA-stacked graphite → Bct-carbon [16, 17] , the bidirectional energy barriers were 0.13 eV/atom (2H-graphite → Bct-carbon) and 0.15 eV/atom (Bct-carbon → 2H-graphite) at 20 GPa, and the low-energy barriers can induce Bct-carbon 'easy-come-easy-go' [16] . The calculations in the present study simulated the possible routes from graphite to M-and F-carbons. As distinguished from the 2H-graphite → 3R-graphite → M-carbon route proposed in [16] for M-carbon, the present route of 2H-graphite → AA-stacked graphite → M-carbon ( figure 5(a) ) has a lower forward energy barrier (0.180 eV/atom) ( figure 4(b) ), which is close to the 0.178 eV/atom of 2H-graphite → lonsdaleite. For F-carbon, two possible routes of 2H-graphite → 3R-graphite → F-carbon ( figure 5(b) ) and 2H-graphite → AA-stacked graphite → F-carbon ( figure 1(b) ) were also found. The difference between the two routes is the lower forward energy barrier (0.181 eV/atom) of the first route ( figure 4(b) ). The backward energy barriers of M-and F-carbons → 2H-graphite are 0.245 and 0.243 eV/atom, respectively, which are far below those of 2H-graphite → diamond or lonsdaleite (0.421 or 0.425 eV/atom). Therefore, the low forward and backward energy barriers indicate that both M-and F-carbons can be formed from graphite under pressure, and can reversibly transform into graphite when removing pressure. These findings are consistent with the experimental results [3] . The layers in graphite are ready to be slipped under pressure, forming various stacked buildings such as 3R-graphite, orthorhombic graphite and AA-stacked graphite. These graphite phases have slightly higher energies than 2H-graphite. Nonetheless, their energies are far below the intermediate phases in phase transition (figures 4(b) and 5). If these graphite phases are further compressed, it is not surprising to produce some new carbons including metastable sp 2 -sp 3 -and sp 3 -bonded phases as illustrated in figure 5 . However, their presence largely depends on their kinetic stabilities, and some produced carbons may be viable in the specified ranges of pressure as well as temperature. The kinetic simulations showed that the energy barriers from graphite to other hereditary phases such as Bct-, Mand F-carbons are located at the same level as those from graphite to diamond and lonsdaleite. This finding implies the possibility that several metastable carbons mentioned above may be simultaneously formed in the cold compression of graphite. In summary, a novel simple (5 + 6 + 7)-sp 3 Fcarbon, recently renamed as M10-carbon [43] , was predicted by a newly developed ab initio PSO methodology on crystal structure prediction. The simulated bandgap, hardness and XRD of F-carbon can account for the experimental results of the transparent superhard phase resulting from cold-compressed graphite. F-carbon can be formed by cold-compressing graphite above 13.9 GPa at a low forward energy barrier almost similar to that from graphite to lonsdaleite. F-carbon can also reversibly transform into graphite when releasing pressure because of the low backward energy barrier. The simulations also indicate that some other metastable carbons may be simultaneously yielded from the cold compression of graphite under given pressures.
